Purpose: Spiral computed tomography (CT) can detect lung cancer at an early stage, but the malignant potential is unknown. The question is, as follows: do these small lesions have the same lethal potential as do symptomatic tumors?
INTRODUCTION
Spiral computed tomography (CT) has been tested as a powerful and fast technique to detect non-small cell lung cancer (NSCLC) of less than one centimeter in diameter, opening new possibilities for its early detection (1, 2) . However, the efficacy of spiral CT has been questioned on the ground that earlier trials, in which radiography and sputum cytology were used, failed to reduce lung cancer mortality, possibly because they detected a substantial number of noninvasive or otherwise indolent cancers.
Because even smaller lung cancers might be detected in the future, the question as to their lethal potential will need to be properly answered to estimate the real benefit of early-detection programs in high-risk individuals (1, (3) (4) (5) , and prospective clinical trials will be necessary to provide evidence of the efficacy of CT scan screening.
Along with clinical trials, cDNA microarray technology has been used to establish whether early-detected lung carcinomas have a full malignant potential or not (1, 6) .
In 2000, we launched a prospective early-detection trial with spiral CT, positron emission tomography and molecular markers in a cohort of 1,035 heavy smokers, the two-year results of which have been published previously (7) . In the present study, we aimed to establish whether microarray technology could identify a different genetic expression profile of CTdetected lung cancers, compared with symptomatically clinically detected tumors of similar pathological stage, whose potential lethality is recognized (8) .
MATERIALS AND METHODS
Patients and Tissue Samples. A total of 1,035 volunteers ages 50 or older with a minimum of 20 pack-year index, no prior history of malignant diseases and adequate performance status, underwent annual low-dose single-slice spiral CT without contrast material. High resolution CT and three-dimensional analysis was done within 1 month in noncalcified lesions larger than 5 mm, with assessment of contrast enhancement and 18F-fluorodeoxyglucose-positron emission tomography with calcu-lation of standardized uptake value (SUV) in lesions of 7 mm or larger.
The first 20 consecutive CT-detected and surgically resected lung cancers were enrolled in the cDNA microarray study. The 20 controls were a consecutive series of primary lung cancers resected from 2000 to 2001, from patients presenting with a variety of respiratory and/or systemic symptoms. All these patients were not previously treated with chemoradiotherapy. Controls were matched by age, sex, smoking, cell type and tumor size.
All of the samples were snap-frozen in liquid nitrogen immediately after surgical resection and were stored at Ϫ140°C.
Sample Preparation and Microarray Hybridization. Frozen tissues were crushed with a mortar and pestle in liquid nitrogen, then transferred into TRIzol Reagent (Invitrogen Ltd, Paisley, United Kingdom) and homogenized with an Ultra-Turrax T25 (IKA Labortechik, Staufeny, Germany). Total RNA was extracted according to the TRIzol manufacturer's protocol. Total RNA, 5 g, were amplified with Amino Allyl MessageAmp aRNA kit (Ambion, Austin, TX) and were indirectly labeled with Cy3 monofunctional dye (Amersham Biosciences United Kingdom Ltd, Buckinghamshire, United Kingdom) for the sample RNA and Cy5 monofunctional dye for the reference RNA, and then were hybridized onto the same microarray. The reference RNA that we used was the Universal Human Reference total RNA (Stratagene, Amsterdam, the Netherlands). The microarrays used in this study were human cDNA microarrays, form the Sanger Centre (Hixton, Cambridge, United Kingdom) as part of the LICR/CRUK Microarray Consortium, manufactured by depositing PCR products of cDNA clones onto threedimensional-link-activated glass slides. Each array contains 10,750 spots representing 9,932 sequence-validated cDNA elements for 6,000 known, named human genes and/or expressed sequence tags (ESTs). 7 The microarrays were hybridized for 16 hours in a 47°C incubator. Microarrays were washed and scanned immediately with a GenePix 4000B microarray scanner (Axon Instruments Inc., Union City, CA).
Data Analysis and Statistics. Data analysis was done with Quantarray 3.0 (Perkin-Elmer Life Sciences Inc., Boston, MA), GeneSpring 5.1 (Silicon Genetics, Redwood City, CA), and J-Express Pro (Molmine AS, Bergen, Norway). For each microarray, the median intensity of all spots in each channel was normalized to the median intensity of the spots in the control channel. The spot intensities used to calculate the median value for normalization were always background subtracted. The intensity-dependent lowess normalization was then applied (20.0% of data were used for smoothing), followed by a per-chip normalization for which all of the measurements on each array were divided by the 50th percentile of all of the measurements taken from the same array.
On the log-transformed values, we applied a parametric test without assuming that variances were equal (Welch t test/ Welch ANOVA). We used the Benjamini and Hochberg procedure (Multiple Testing Correction) to control the false discovery rate defined as the proportion of genes expected to occur by chance (assuming genes are independent) relative to the proportion of identified genes (9, 10 ). An agglomerative hierarchical clustering was applied with the cosine correlation and average linkage. Correspondence analysis was done with J-Express Pro software.
Quantitative Real-time PCR. The quantitative realtime PCR reactions were done on an ABI Prism 5700 Sequence Detection system (PE Biosystem, Foster City, CA). The reactions were done in triplicate for each gene (stat1, osf-2, cav2) including a non-template control, on a randomly chosen subset of CT-detected tumors (n ϭ 14), symptomatic tumors (n ϭ 13), and all 4 non-neoplastic tissues. These subsets of samples were chosen to use a single 96-well optical plate for each assay. The template cDNA was synthesized from 2 g of total RNA, with the RETROscript kit (Ambion, Austin, TX). The predeveloped TaqMan assays used are commercially available (Assays-on-Demand gene expression products, Applied Biosystems, Foster City, CA). We used ␤-Actin Control Reagent (Applied Biosystems) as reference gene. PCR cycles were 40 cycles of 15 seconds at 95°C and 1 minute at 60°C.
RESULTS
The Expression Profile of 3,231 Genes in CT-Detected and Symptomatic Tumors Is Highly Similar. Two of the CT-detected cancers and one of the controls were not suitable for mRNA amplification because of the poor quality of the sample, leaving a total of 37 tumors for the analysis, including 4 non-neoplastic lung samples. Clinical and pathologic features of the two groups are illustrated in Table 1 .
Data were normalized and background was subtracted. Genes found to have an absolute signal intensity of between 200 and 600 (within the range of negative spots) were excluded. Using this restriction, we got a list of 3,231 genes not biased by slide batch variability and local background. This set of genes was analyzed with a parametric t test on log-transformed data (P value cutoff of 0.01 and multiple testing correction) to seek differences between the CT-screened and the symptomatic tumors. No differentially expressed genes were found between the two groups.
Correspondence Analysis Identifies Nine Genes Differentially Regulated between CT-Detected and Symptomatic
Cases. Bearing in mind a possible statistical bias in the analysis above, we used correspondence analysis to reanalyze the spiral CT-detected tumors and symptomatic cases. This method creates a low-dimensional projection from an original high-dimensional data set, revealing interdependencies between two variables (the genes and the conditions of the experiment; refs. 11, 12). Initially we filtered the data with a SD cutoff of Ն1 and discarded all those genes that did not pass the filter in all of the three conditions (CT-detected, symptomatic, and normal). From this new list of 2,918 genes, we calculated the median value for every gene in each group (CT-detected, symptomatic, and normal). All of the genes with a SD of Ͻ0.5 across the groups were eliminated; this restriction identifies genes with a substantial change in at least two of the three conditions. The results provided a list of 97 genes: 88 genes were differentially expressed between tumors and non-neoplastic samples, with no essential distinction between the asymptomatic (CT-detected) and the symptomatic tumors. The remaining nine genes (listed in Table 2) were differentially regulated in their median values between the CT-detected and the symptomatic specimens, but were still unable to divide into separate clusters the asymptomatic and symptomatic lung cancer cases (data not shown).
Some of these nine genes showed a similar expression in normal tissues versus CT-detected tumors but were downregulated in the symptomatic tumors (see Table 2 ).
Tumor versus Normal Tissue. When we introduced the group of 4 normal samples and did a parametric ANOVA, P value 0.01 and multiple testing corrections (ϳ1.0% of the identified genes would be expected to pass this restriction by chance), we found 319 genes (see list in Supplementary data 1) 8 be differentially expressed between the tumors (CT-screened and symptomatic) and the normal samples. Using this list of genes, we did a hierarchical clustering that failed again to define clusters that could separate the CT-screened or symptomatic samples. On the contrary, the 4 non-neoplastic samples clustered tightly together, and they were separated from all of the other samples (see image in Supplementary data 2). 8, 9 Because some of the early-detected tumors (and, therefore, the correspondent matched controls) were larger than stage 1A, we restricted our analysis to 11 stage-1A asymptomatic cases and the matched 11 stage-1A symptomatic cases, and we did not find any genes differentially expressed. We then analyzed the 4 tumors we had that were smaller than 10 mm versus those larger-than-or-equal-to 10 mm and still no difference was found.
On the contrary, we defined a set of 113 genes specific for the histologic type of tumor (data not shown), among which the strongest differences in gene expression were related to adenocarcinomas with predominant bronchioloalveolar features. The subset of squamous tumors showed a higher clustering distance than did the other specimens. The non-neoplastic samples appeared as a well-defined subcluster, alongside the larger cluster of adenocarcinomas.
Among the 319 genes differentially expressed between tumors and normal tissues, several were related to metabolic pathways, indicating that cells were active and dividing (Table  3 ). In addition, we also identified three genes Znf198, Stat1, and Osf-2, that were highly up-regulated in the tumor samples. Znf198 was fused with FGFR1 in the chromosome translocation 8 Supplementary Data 1, List of the 319 genes differentially expressed between normal tissue and tumors, can be found at Clinical Cancer Research Online (http://clincancerres.aacrjournals.org). 9 Supplementary Data 2, Agglomerative unsupervised hierarchical clustering of the 319 genes differentially expressed between normal tissue and tumors, can be found at Clinical Cancer Research Online (http:// clincancerres.aacrjournals.org). Other genes, also found to be down-regulated in the tumors, included ube2b (homologue of yeast RAD6 involved in DNA repair) and klf4 (Kruppel like factor 4). klf4 has been shown to be an essential mediator of p53 in controlling the G 1 -S progression phase of the cell cycle after DNA damage (15, 16) . Furthermore, we considered only the adenocarcinomas in the cohort of patients. We reduced the dataset to 13 unscreened and 10 CT-detected adenocarinomas (the two bronchioloalveolar carcinomas were also excluded). We did not find any genes differentially regulated (P value Ͻ 0.01) among the 3,231-gene list. Moreover, if we reduce the main gene list to 75 genes with an average-fold change cutoff of 1.5 (calculated between the two groups) and then apply the Welch t test analysis (about less than 1 gene would be expected to pass the restriction by chance.), we found only five unique genes to be regulated, (CREG, ALDH1, CD59, WTAP, and HIF2A). Two of these genes, HIF2A and ALDH1, were already reported to be regulated by the correspondence analysis. This confirms the high similarity of the two groups even if we consider only the adenocarcinomas, ruling out the possibility that the variability introduced by different histologic subtypes can mask a bigger gene expression signature able to clearly divide the two cohorts of patients. Consistently, with the previous analysis, we found 153 genes differentially expressed between normal and all of the adenocarcinomas. In addition, 143 of the 153 genes were within the 319-gene list of genes differentially expressed between all of the tumors and the normal lung.
Confirmation by Real-time PCR. The regulation identified by the microarray analysis was confirmed by real-time PCR for three genes (cav2, stat1, osf-2; Fig. 1A ). Moreover, cav2, which was originally selected by correspondence analysis, was confirmed by real-time PCR to have a similar profile of expression in the CT-screened tumors as in the non-neoplastic tissues (Fig. 1B) .
Immunohistochemical Studies. In keeping with the microarray profiles, immunohistochemical analysis showed no difference in the expression of Ki67, p53, EGFR, Neu, or Fascin between spiral CT-detected and unscreened tumors (Table 1) .
DISCUSSION
Our results showed that, as far as their mRNA expression pattern was concerned, the CT-detected tumors were not distinguishable from symptomatic cases. This result holds also when we limited the analysis to tumors at stage pT 1A and to adenocarcinomas (data not shown).
The lack of a marked difference in gene expression profile between smaller lesions (Ͻ10 mm) and the larger tumors in these series suggests that the former have already switched at the molecular level to a malignant phenotype.
In contrast, neoplastic and non-neoplastic samples clustered separately with a marked difference in gene expression profiles (Fig. 1), as published previously (17, 18) .
We compared the list of 675 genes published by Bhattacharjiee et al. (17) and were able to distinguish adenocarcinoma subtypes and NSCLC histologic types among the 133 genes found by us. We used SOURCE database to map the two lists to Unigene clusters 10 and then compared for overlapping. We found only seven overlapped genes (JUN, STAT1, ADE2H1,  SDR1, CX43, SSP1, and AF1Q) . This is mainly due to a different array platform used (Affymetrix single-channel versus double-channel cDNA array) and has been described previously (19) .
Microarray profiles were consistent with immunohistochemical analyses, in which CT-detected tumors showed similar expressions of Ki67, p53, EGFR, Neu, and Fascin. These results We also showed that, with a correspondence analysis, nine genes were differentially expressed across the samples between the CT-detected and symptomatic tumors (Table 1 ). Although it was not able to cluster the two types of patients into distinct groups because of the high variability, this analysis suggests some ongoing changes in the early phases of lung cancer. All of these nine genes were expressed in the symptomatic tumors at a lower level than in the CT scan-detected cases and loss of expression of five of these genes is known to be associated with tumor progression.
Caveolin 2 is involved, with caveolin 1, in the formation of caveolae which are pivotal in the storage and inactivation of signaling molecules (e.g., EGFR; refs. 20 -22) , making caveolin 2 an important negative regulator of cell proliferation and tumor genesis. The down-regulation of caveolin 1 in NIH 3T3 cell lines was shown to be sufficient to hyperactivate the p42/44 mitogen-activated protein kinase cascade and to induce tumors in immunodeficient mice (23) . Matrix Gla (MGP) mRNA has been found to be downregulated in colon adenocarcinoma compared with normal mucosa (24) . In metastatic renal cell carcinoma and prostatic carcinoma, the loss of MGP expression compared with primary tumors has been associated with tumor progression and metastasis (25) . Our data support these findings as we found lower levels in the tumors from symptomatic patients. However, this is probably not a general principle because levels of MGP have been found to be increased in relapsing gliomas (26).
We confirm that cystatin A may have a tumor-suppressor function (27) because it is already known to be expressed in a variety of normal tissues, but it is lost during the clinical course of a variety of malignant diseases, such as prostatic adenocarcinoma and squamous carcinomas of skin and esophagus (28 -30) .
The other two genes known to be lost during lung cancer progression were ADH2 and ALDH1. They belong, respectively, to the alcohol dehydrogenase and aldehyde deydrogenase families, ADH2 being expressed in normal lung (31) . Genes belonging to these two families are usually regulated in parallel. ADH2 catalyzes the transformation of all-trans retinol and 9-cis retinol to all-trans retinal and 9-cis retinal, and ALDH1 transforms these latter to all-trans retinoic acid and 9-cis retinoic acid, the two retinoids involved in gene regulation (32) . Our findings suggest that, during the early phases of lung cancer, there is a progressive loss in the production of retinoic acid within the neoplastic cells.
We also found higher levels of expression in CT scandetected tumors of VCam and ADAMDEC1 (the first described member of a new subclass of mammalian disintegrin metalloproteinases expressed on dendritic cells and macrophages; 33). This suggests that, in the earlier stages of these lung tumors, there is more intense inflammation, possibly induced by an increased recruitment of macrophages. The higher levels of HIF2a observed support this hypothesis further, because this molecule is predominantly expressed by macrophages.
Beer et al. (18) have described a set of gene those expression levels are able to identify Stage 1 lung Adenocarcioma at high risk of relapse. Non of the nine genes differentially expressed between CT-detected and symptomatic tumors was present in this list. However two of our genes (aldeheyde dehydrogenase 1 and cystatin A) belonged to the same families of two genes present in the top 100 genes described by Beer et al.
(aldeheyde dehydrogenase 8 and cystatin B), suggesting that these two families are relevant to lung cancer progression.
All of the tumors observed are histologically malignant according to the WHO classification. Early lung cancers detected by screening have a gene expression pattern similar but not identical to that of symptomatic lung carcinomas
The ongoing trials (2, 7) will tell us whether early lung cancer detection can prevent the occurrence of advanced and incurable lung cancer in these high-risk individuals, by stopping the metastatic progression of very small tumors with already malignant genetic phenotype.
